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RESEARCH

Diverse multispecies agroecosystems have been proposed as 
a viable alternative to low diversity monocultural systems to 

sustain agriculture productivity into the future (Kirschenmann, 
2007). Perennial herbaceous polycultures are mixtures of perennial 
crops grown for biomass, forage, or food production. Such mix-
tures can produce agronomic and environmental benefi ts derived 
from perennial cover and species diversity ( Jackson, 2002). Relative 
to annual crop species, perennial crops can produce more ground 
cover, thereby reducing soil erosion (Pimentel et al., 1987); minimize 
nutrient leaching (Dinnes et al., 2002); sequester more C in soils 
(Freibauer et al., 2004); and provide continuous habitat for wildlife 
(Entz et al., 2002). Mixtures of species in intercrops or polycultures 
have the potential to improve the performance of a cropping sys-
tem in terms of yield, nutrient cycling effi  ciency, weed suppression, 
and other pests control (Holland and Brummer, 1999; Liebman, 
1995; Vandermeer et al., 2002). Perennial herbaceous polycultures 
are commonly used for forage production, especially as legume–
grass mixtures (Barnes and Collins, 2003). Mixing legumes with 
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ABSTRACT

Species diversity can increase natural grass-

lands productivity but the effect of diversity in 

agricultural systems is not well understood. Our 

objective was to measure the effects of spe-

cies composition, species richness, and har-

vest management on crop and weed biomass 

in perennial herbaceous polycultures. In 2003, 

49 combinations of seven species (legumes, C
3
 

and C
4
 grasses) including all monocultures and 

selected two to six species polycultures were 

sown in small plots at two Iowa, USA, loca-

tions in a replicated fi eld design. Plots were split 

in half and managed with either one or three 

harvests in each of 2004 and 2005. Biomass 

increased log-linearly with species richness in 

all location-management environments and the 

response was not different between manage-

ments. Polycultures outyielded monocultures 

on average by 73%. The most productive spe-

cies in monoculture for each management best 

explained the variation in biomass productivity. 

The biomass of plots containing this species 

did not increase with richness in most environ-

ments but biomass of plots without this spe-

cies increased log-linearly in all cases. Weed 

biomass decreased exponentially with richness 

in  all environments. On average, increasing 

species richness in perennial herbaceous poly-

cultures increased productivity and weed sup-

pression, but well-adapted species produced 

high biomass yield regardless of richness.
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cool- or warm-season grasses can improve forage yield, 
nutritive value, stand longevity, and seasonal distribution 
of forage compared to grass monocultures, including those 
fertilized with N (George et al., 1995; Sleugh et al., 2000). 
Perennial polycultures may also be used as grain crops for 
human food or animal feed, and perennial grains are being 
developed in the United States (Cox et al., 2002; DeHaan 
et al., 2005) and elsewhere (Sacks et al., 2003; Weik et al., 
2002). Finally, perennial polycultures off er a low-input, less 
polluting, and more effi  cient alternative to annual mono-
cultures for bioenergy production (Tilman et al., 2006a).

The contribution of plant species diversity to produc-
tivity and other ecosystem functions is a controversial issue 
in ecology (Loreau et al., 2001). Species diversity may refer 
to the number of species present in an area (i.e., richness) 
and/or their relative abundance (i.e., evenness), but most 
studies use species richness as a proxy for diversity. The cur-
rent consensus among ecologists is that ecosystem functions 
are infl uenced by individual species’ traits, complementar-
ity among them, and environmental factors (Hooper et al., 
2005). Although increasing diversity can have a range of 
eff ects on ecological processes depending on species com-
position and environmental context, diversity can increase 
productivity because of (i) the major eff ect of one or few 
very productive species (Huston et al., 2000); (ii) positive 
interactions among species due to complementarity or 
facilitation (Tilman et al., 2006b); or (iii) a combination 
of both (Loreau and Hector, 2001). In most experiments 
with randomly assembled plant communities from natural 
grasslands, plots with greater species diversity tend to outy-
ield plots with low diversity (Hector et al., 1999; Tilman et 
al., 2006b). However, diversity may not change ecosystem 
functions that are controlled primarily by abiotic factors or 
by the dominance of a single species (Hooper et al., 2005). 
When environmental factors are held constant, increasing 
species richness generally decreases community suscepti-
bility to invasion by weeds or other pests, because fewer 
resources are available to invaders and because species that 
are strongly competitive or that off er biotic control of a pro-
spective invader are more likely to be included (Knops et 
al., 1999). Diversity may also increase ecosystem stability by 
reducing variability in response to environmental fl uctua-
tions and increasing resistance and resilience to perturba-
tions (Loreau et al., 2002).

In agriculture, research on forage crop mixtures and 
on intercrops has focused on the role of diversity in pro-
ductivity and other agronomic variables. The eff ect of 
diversity on biomass productivity depends on the particu-
lar system, species, and processes considered (Sanderson 
et al., 2004; Trenbath, 1974). Mixtures of forages have 
received considerable attention because domesticated pas-
tures and hay fi elds often are seeded with multiple species 
and natural grazing lands contain a diversity of species. A 
review of the literature on forage mixture experiments 

shows that productivity can be maximized at either low 
or high diversity, but complex mixtures (i.e., mixtures 
with more than two species) can maximize more ecosys-
tem functions at the same time, e.g., temporal distribution 
of production, persistence, resistance to invasion, toler-
ance to fl uctuating environmental conditions, and posi-
tive impacts on water quality (Sanderson et al., 2004). 
Experiments using cattle grazing indicate that complex 
mixtures comprising grasses, legumes, and composites are 
more productive in dry years, and have less weed invasion 
than simple mixtures (Sanderson et al., 2005).

Most ecological research modeling the relationship 
between diversity and ecosystem function cannot be extrap-
olated directly to agriculture. First, ecologists typically use a 
relatively large number of native species in randomly assem-
bled communities, without including “true replications” 
(sensu Huston and McBride, 2002) of the same species com-
binations in their experimental design. Second, the research 
is often conducted in low fertility soils and with a single man-
agement scheme, typically a one-time biomass harvest (see 
for example, Tilman et al., 1996). Finally, the experiments 
usually include just a few dominant species, which comprise 
most species in agriculture and which can have major eff ects 
on ecosystem functions (Hooper, 1997). In contrast, most 
agricultural research considers only a few mixtures of well-
adapted species (Soder et al., 2007), and consequently does 
not provide a range of species richness to fi t a productivity-
richness model.

Our objective was to measure the eff ect of species 
composition, species richness, and harvest management 
on aboveground crop and weed biomass in perennial her-
baceous polycultures in fertile agricultural soils in cen-
tral Iowa. We tested the hypotheses that (i) crop biomass 
productivity increases with increasing species richness; (ii) 
weed biomass is reduced with increasing species richness; 
(iii) the presence or absence of certain species changes the 
slope of the regression of biomass production on species 
richness; and (iv) harvest management changes the slope of 
the regression of biomass production on species richness. 
Our intent was to bridge the gap between agronomic and 
ecological experiments by conducting the study under 
agricultural conditions (i.e., well-adapted species grown 
on fertile soils) using true replication and a set of mixtures 
large enough to model the relationship between diversity 
and ecosystem function.

MATERIALS AND METHODS
Eight perennial species from four functional groups were 

included in the experiment (Table 1): legumes {alfalfa (Medi-

cago sativa L.), white clover (Trifolium repens L.), Illinois bundle-

fl ower [Desmanthus illinoensis (Michx.) MacM. ex B.L. Robins. 

and Fern.]}, cool-season grasses {orchardgrass (Dactylis glomerata 

L.) and intermediate wheatgrass [Thinopyrum intermedium (Host) 

Barkworth and D.R. Dewey]}, warm-season grasses {switch-

grass (Panicum virgatum L.) and eastern gamagrass [Tripsacum 
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species in the mix (e.g., a two-species mix included half of the 

seeds of each monoculture). The experiment was planted on 

18 May 2003 in Ames and 21 May 2003 in Boone. Seeds were 

drilled into 4 by 3 m plots consisting of 20 rows spaced 0.15-m 

apart. Plots were separated by 1.5-m borders planted with tall 

fescue (Festuca arundinacea L.) managed as turfgrass. No fertil-

izer or lime was applied. Soil samples were taken on 1 July 

(Boone) and 2 July (Ames) 2003. Six soil cores 0.15 m deep 

per plot were sampled from fi ve plots in each replication and 

location, and analyzed in the ISU Agronomy Soil Testing Lab. 

Analysis for Boone was 42 ± 5 mg kg-1 P, 143 ± 14 mg kg-1 K, 

11.3 ± 1.9 mg kg-1 N-NO
3
, and 4.1 ± 0.4 mg kg-1 N-NH

4
; for 

Ames, 82 ± 5 mg kg-1 P, 157 ± 14 mg kg-1 K, 14.7 ± 1.9 mg kg-1 

N-NO
3
, and 6.2 ± 0.4 mg kg-1 N-NH

4
.

Plots were mowed on 18 June and 12 Sept. 2003 in Boone, 

and on 20 June and 13 Sept. 2003 in Ames, to a 0.15-m height 

to control weeds; biomass was not measured or removed. In 

October 2003, we measured plant establishment by counting 

the number of plants of each species present along a 1-m tran-

sect per plot. Eastern gamagrass was reseeded by hand in April 

2004, because no plants were found in 2003.

In 2004, each plot was split in half to form two 2 by 3 m 

subplots that were allocated to either a three-harvest manage-

ment, simulating a hay system with removal of all biomass, or to 

a one-harvest management, simulating a perennial grain system 

dactyloides (L.) L.]}, and a composite (Maximilian sunfl ower 

[Helianthus maximiliani Schrad.]). These species were chosen 

because they are widely sown forage and biomass species or, 

in some cases, are potential perennial grain crops (Cox et al., 

2006). Within functional groups, the species possess diff erent 

traits that give rise to divergent phenotypes (e.g., depth of root-

ing or spreading vs. bunch-type growth).

We assembled 52 plant community entries (i.e., treatments), 

including all monocultures (eight entries) and certain polycul-

tures of two (19 entries), three (13 entries), four (seven entries), 

six (three entries), and eight species (one entry); an unseeded 

plot was also included for weed biomass comparisons. Maxi-

milian sunfl ower was poorly adapted and did not survive well, 

so the three entries with this species were dropped from all 

analyses (one monoculture and two polycultures with four and 

eight species). Table 2 shows the 49 entries considered in the 

analyses. For all levels of species richness, each individual spe-

cies was included in some entries but not in others to enable the 

comparison of individual species eff ects. We included at least 

one legume species in all plots except for nonlegume mono-

cultures and two-species combinations of grasses. The same 

individual grasses and grass mixtures were included with each 

of the three legumes. Each entry was replicated three times 

in a 12 by 13 alpha lattice design at two locations in Iowa: 

the Iowa State University (ISU) Agronomy and Agricultural 

Engineering Research Farm, east of Boone, Boone 

Co., IA, with a Nicollet loam soil (fi ne-loamy, mixed, 

superactive, mesic Aquic Hapludoll) and the ISU Hinds 

Research Farm, north of Ames, Story Co., IA, with 

a Spillville loam soil (fi ne-loamy, mixed, superactive, 

mesic Cumulic Hapludoll). The Boone site had a long-

term history of forage breeding nurseries (primarily 

alfalfa, birdsfoot trefoil, white clover, and orchardgrass) 

in a 7-yr rotation with corn, soybean, and oat (Avena 

sativa L.), while the Ames site was previously in row 

crops (corn, soybean, and oat experiments).

The entire plot area was tilled before planting in 

spring 2003. Seed density was based on the recom-

mended seeding rates for monoculture stands (Barnhart, 

1999; Piper and Pimm, 2002) corrected for germina-

tion percentage (Table 1). Seed density for species in 

mixtures was reduced proportionally to the number of 

Table 2. Entries included in the experiment, arranged by species richness and functional group richness, and total number 

of entries by species richness. Entries in each cell are separated by commas. An unseeded plot was also included for weed 

biomass comparisons.

No. of 
functional groups

Species richness†

1 2 3 4 6

1
AA, WC, IB, OG, IW, 

SW, EG

AA-WC, AA-IB, WC-IB, 

OG-IW, SW-EG
AA-WC-IB

2

AA-OG, AA-IW, AA-SW, 

AA-EG, WC-OG, WC-IW, 

WC-SW, WC-EG, IB-OG, 

IB-IW, IB-SW, IB-EG, OG-

SW, IW-EG

AA-OG-IW, AA-SW-EG, 

WC-OG-IW, WC-SW-EG, 

IB-OG-IW, IB-SW-EG

AA-WC-OG-IW, AA-WC-

SW-EG, AA-IB-OG-IW, 

AA-IB-SW-EG, WC-IB-

OG-IW, WC-IB-SW-EG

3

AA-OG-SW, AA-IW-EG, 

WC-OG-SW, WC-IW-EG, 

IB-OG-SW, IB-IW-EG

AA-WC-OG-IW-SW-EG, 

AA-IB-OG-IW-SW-EG, 

WC-IB-OG-IW-SW-EG

Total 7 19 13 6 3

†Abbreviations of species: AA, alfalfa; WC, white clover; IB, Illinois bundlefl ower; OG, orchardgrass; IW, intermediate wheatgrass; SW, switchgrass; EG, eastern gamagrass.

Table 1. Species included in the experiment, their functional group 

classifi cation, the cultivar planted, and seeding rate of pure live seeds 

(PLS) of monocultures.

Functional 
group

Species name and cultivar Seeding rate (PLS)

g m-2 seeds m-2

Legume Alfalfa 54H91 1.7 838

Legume White clover Alice 0.5 795

Legume Illinois bundlefl ower UMN (PNL 730 and 723)† 1.2 199

C
3
 grass Orchardgrass Duke 1.1 1625

C
3
 grass Intermediate wheatgrass Oahe 1.4 239

C
4
 grass Switchgrass Cave in Rock 1.1 621

C
4
 grass Eastern gamagrass PMK-24 1.1 15

†Illinois bundlefl ower seed was increased from two Iowa collections (PNL 545 at Dubuque, IA, and 

PNL 539 at Spirit Lake, IA) at the University of Minnesota.
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with only seed biomass of selected species being removed. The 

same allocations were also used in 2005. These two contrast-

ing managements allow us to compare a forage system where all 

biomass is removed (three harvests) with a perennial grain crop 

system, where most nutrients remain on the plots (one harvest). 

Plots were machine clipped with a fl ail-type harvester (Carter 

Mfg., Brookston, IN) equipped with an electronic weigh system. 

A single 1-m-wide by 3-m-long strip was harvested for biomass 

through the center of each small plot. The adjacent 50-cm strips 

on either side of the measured area were cut immediately after 

data collection so that all forage was clipped to ground level.

Plots in the hay management were harvested on 26 May, 13 

July, and 13 Sept. 2004 and 25 May, 8 July, and 22 Aug. 2005 in 

Boone, and on 28 May, 15 July, and 16 Sept. 2004 and 3 June, 

27 July, and 15 Sept. 2005 in Ames. In the grain management, 

the reproductive structures of the four species with the high-

est seed yield and most easily harvested seeds (Illinois bundle-

fl ower, orchardgrass, intermediate wheatgrass, and switchgrass) 

were hand-harvested from the entire plot area as each species 

matured, dried, weighed, and added to the total plot biomass. 

Although some seed was produced by alfalfa, pollinators were 

infrequent in the plots and the seed yield was minimal. Biomass 

on these plots was harvested once at the end of the growing 

season, on 8 Nov. 2004 and 4 Oct. 2005 in Boone, and 9 Nov. 

2004 and 27 Oct. 2005 in Ames.

Before each harvest, biomass was sampled by clipping two 

0.09-m2 quadrats per plot. Samples were weighed fresh, separated 

into component species in the laboratory, dried, and weighed dry. 

The dry matter percentage of the samples and the fresh weight of 

the machine harvested strips were used to calculate total biomass 

dry weight per square meter. The relative proportion of each spe-

cies was calculated and used to diff erentiate biomass productivity 

of the seeded species versus weeds. Due to fi eld labor constraints, 

samples were not collected immediately before the third har-

vest in the three-harvest management in 2004 at Ames although 

machine harvest was conducted. Therefore, because data on the 

relative proportion of each species and of weeds were missing 

for this harvest, the data were dropped from the analysis and the 

total yield for the hay management in Ames in 2004 comprised 

only the fi rst two harvests.

The dominant species in each plot was defi ned as the seeded 

species with maximum biomass production in the plot. The 

Berger–Parker dominance index, which represents the propor-

tion of whole plot biomass produced by the dominant species, 

was calculated for each plot (Wilsey and Polley, 2004).Values of 

the dominance index close to one indicate communities that 

are dominated by a single species.

In this paper, “biomass of seeded species” refers to aboveg-

round plant biomass of the species deliberately seeded into the 

plot; “biomass of cultivated weeds” refers to seeded species that 

occurred in plots where they were not intended, either because 

seeds were in the soil seed-bank or carried from adjacent plots 

by wind, rodents, birds, or the planter; “biomass of wild weeds” 

refers to species outside the seeded list. We defi ne “biomass of 

cultivated species” as the sum of the biomass of seeded species 

plus the biomass of cultivated weeds; “weed biomass” is the sum 

of biomass of cultivated and wild weeds; and “total biomass” of 

a plot comprises biomass of seeded species plus weed biomass. 

Although crop species diversity comprises species richness and 

evenness, in this experiment we manipulated only crop species 

richness as a proxy for crop diversity.

Data Analysis
To determine diff erences among entries and relevant interac-

tions, an overall analysis of variance for biomass was performed 

including location, management, year, and species combinations 

as fi xed eff ects and replication and block within replications as 

random eff ects. If interaction eff ects were signifi cant, further 

analyses by location, management, or year were conducted. The 

yield of monoculture plots was separated using Fisher’s protected 

least signifi cant diff erence (LSD) with α = 0.05.

A series of nine linear models of biomass of seeded spe-

cies as the dependent variable and seeded species richness as 

the independent variable and transformations of each variable 

using natural logarithm and inverse functions were compared 

using R2 and Akaike’s Information Criterion (AIC) statistics 

(data not shown). Biomass of seeded species as a function of 

the natural logarithm of seeded species richness was the best 

model using these criteria and was used in all further analyses. 

The linear eff ect of seeded species richness on seeded biomass, 

cultivated biomass, weed biomass, and total biomass was tested 

with orthogonal contrasts.

To determine the relative importance of the presence or 

absence of a single species and the importance of seeded spe-

cies richness on the biomass of seeded species, we used a model 

selection procedure as described by Deutschman (2001). Sev-

eral mixed models were constructed using biomass of seeded 

species as the dependent variable, with entries nested within 

the following explanatory variables, which were considered to 

be fi xed eff ects: (i) the presence or absence of each species indi-

vidually, (ii) the natural logarithm of seeded species richness, 

(iii) both the natural logarithm of seeded species richness and 

the presence or absence of the single species that individually 

best explained the variation in biomass, and (iv) both variables 

included above together with their interaction. Models were 

compared using AIC, where models with smaller AIC values 

indicated a better fi t. The single species that best explained the 

variation in biomass within each environment was denoted 

the “driver species” for that environment. We used orthogonal 

contrasts to test the linear eff ects of logarithm of seeded species 

richness on biomass of seeded species in plots with and with-

out the driver species. If the linear contrasts were signifi cant, 

we calculated the regression coeffi  cients, standard error, and 

their 95% confi dence intervals from the individual plot data. 

Two slopes were considered diff erent from each other if their 

95% confi dence intervals did not overlap. To test for functional 

group composition eff ects, orthogonal contrasts in each envi-

ronment were performed among plots with diff erent functional 

group composition.

For the weed biomass data, a similar set of analyses was 

conducted to that described for biomass of seeded species. The 

best model for total weed biomass as a function of seeded species 

richness across all environments was an exponential function 

(i.e., natural logarithm of weed biomass as a linear function of 

seeded species richness). The same model selection procedure, 

based on the AIC values, was conducted to determine the rela-

tive importance of the presence or absence of single species and 

of seeded species richness on total weed biomass. Linear eff ects 
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of seeded richness were then tested with orthogonal contrasts 

on entries with the most weed suppressive species and on those 

without the most weed suppressive species.

All analyses of variance and contrasts were performed 

using PROC MIXED, and regression coeffi  cients were calcu-

lated using PROC REG, in the SAS statistical software pack-

age (SAS Institute, 2003).

RESULTS
Because the entry × year × location and entry × year × 
management interactions were generally absent, and the 
trends of biomass productivity as a function of richness were 
similar across the 2 yr in which biomass was measured (data 
not shown), all subsequent analyses were averaged across 
years (2004 and 2005). In contrast, the presence of an entry 
× location × management strategy interaction suggested 
we analyze each location × management combination sep-
arately. For simplicity, we refer to location–management 
combinations as “environments” and these are Boone–one 
harvest (B1), Boone–three harvests (B3), Ames–one har-
vest (A1), and Ames–three harvests (A3).

The observed number of seeded species increased lin-
early as actual-seeded richness increased (R2 = 0.69 over-
all, 0.76 for B1, 0.73 for B3, 0.68 for A1, and 0.59 for 
A3; P < 0.0001 in all cases). Therefore, seeded species 
richness was a good estimator of observed seeded species 
richness. The species which were most often missing were 
eastern gamagrass and switchgrass, particularly at higher 
seeded richness levels. Because the analyses with seeded 
and observed richness produced very similar results, we 
report the results using seeded richness to be able to make 
planned comparisons based on the original experimen-
tal design. Evenness was not controlled experimentally 
and all mixture plots showed a high level of dominance 

(Table 3). The species that dominated most plots based on 
the Berger–Parker dominance index were alfalfa for B3, 
orchardgrass for A1, and both alfalfa and orchardgrass for 
B1 and A3 (Table 3).

Biomass of Seeded Species
Entries (i.e., treatments) diff ered for biomass of seeded spe-
cies in all environments (data not shown). Among mono-
cultures, the most productive species under three harvests 
was alfalfa, while for the one-harvest management, inter-
mediate wheatgrass was the most productive (Table 4). The 
diff erences in biomass among species grown in monocul-
tures also varied greatly with environments, with alfalfa 
yielding 7.3 times the average of the other monocultures 
in B3, while the best species outyielded the average of the 
other monocultures by 2.4 times for A3, 3.4 times for B1, 
and 3.5 times for A1 (Table 4). The average yield of polyc-
ultures was 73% greater than the average yield of the mono-
cultures across all environments (61% for B1, 102% for B3, 
49% for A1, and 79% for A3; P < 0.0001 in all cases).

Seeded biomass, cultivated biomass, and total bio-
mass increased log-linearly with seeded richness in all 
environments (Fig. 1). The slopes of the regressions of 
biomass of seeded species on seeded species richness were 
the same across management strategies (Fig. 1). For B1, 
95% confi dence intervals for slopes were 222 ± 74 g m-2; 
for B3, 339 ± 98 g m-2; for A1, 164 ± 68 g m-2; and for 
A3, 227 ± 52 g m-2.

Effect of Driver Species 
on Biomass of Seeded Species
In each environment the species that yielded the most in 
monoculture (Table 4) was also the species whose pres-
ence or absence best explained the variability in biomass of 

Table 3. Observed dominance index (maximum proportion of biomass of a single species per plot) and its standard error (SE) 

for each level of seeded species richness, by environment. Percentage of total number of polyculture plots dominated by each 

species and percent of polyculture plots seeded with each species dominated by that species, by environment. Each species 

was seeded in the same number of polyculture plots (41.5% of total) in the experiment.

Seeded species
richness

Boone–one harvest Boone–three harvests Ames–one harvest Ames–three harvests 

Dominance SE Dominance SE Dominance SE Dominance SE

2 0.85 0.01 0.86 0.01 0.91 0.02 0.87 0.01

3 0.75 0.02 0.78 0.02 0.86 0.02 0.77 0.02

4 0.72 0.03 0.81 0.02 0.78 0.02 0.71 0.03

6 0.55 0.04 0.70 0.04 0.73 0.03 0.59 0.04

Dominant 
species

% of total 
plots

% of plots
with species

% of total 
plots

% of plots
with species

% of total 
plots

% of plots
with species

% of total 
plots

% of plots
with species

Alfalfa 28 67 41 99 19 46 33 80

White clover 14 33 25 60 9 21 18 43

Illinois bundlefl ower 5 13 7 17 2 5 3 8

Orchardgrass 27 65 15 35 40 96 31 75

Intermediate wheatgrass 20 48 8 20 18 44 8 20

Switchgrass 6 14 3 8 11 27 5 13

Eastern gamagrass 1 2 1 3 1 2 1 3
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seeded species based on the AIC values obtained through 
our model selection process (Table 5). For this reason we 
refer to these species as the “driver species” in each envi-
ronment. For the three-harvest environments, alfalfa was 
both the driver species and the species that dominated 
most plots (Table 3). However, for the one-harvest envi-
ronments, intermediate wheatgrass was the driver species, 
having lower AIC values than either alfalfa or orchardgrass, 
which dominated most plots (Table 3). Models of biomass as 
a function solely of the driver species in each environment 
had lower AIC values than models including only seeded 
species richness (Table 5) suggesting that the driver species 
had a greater eff ect on productivity than did richness per se. 
Nonetheless, of the 10 models compared using AIC (Table 
5), the one that included seeded species richness, the pres-
ence or absence of the driver species, and their interaction 
produced the best fi t for three out of four environments. 
For the fourth environment, A3, the best model included 
both variables but not their interaction.

On average plots including the driver species in a par-
ticular environment produced 2.4 times as much biomass 
as the plots without a driver species (B1 = 1.7 times, B3 = 
3.7 times, A1 = 2.2 times, A3 = 2.0 times; P < 0.0001 in 

all cases). In plots without the driver species, the biomass of 
seeded species increased log-linearly with increasing seeded 
species richness (Fig. 2) and the slopes of the regressions were 
not diff erent across management strategies (slopes were 198 
± 97 g m-2 for B1, 188 ± 53 g m-2 for B3, 99 ± 72 g m-2 for 
A1, and 165 ± 59 g m-2 for A3). In contrast, plots containing 
driver species produced the same or less biomass as species 
richness increased. The one exception to this trend was A3, 
where all plots consistently increased biomass with richness. 
In this environment the slopes of regressions of biomass of 
seeded species as a function of seeded species richness were 
not diff erent, because the interaction of intermediate wheat-
grass by richness was absent in the model (Table 5) and the 
95% confi dence intervals for the slopes overlapped (slope for 
A3 plots with alfalfa was 105 ± 69 g m-2).

Weed Biomass
The most frequent wild weeds were Taraxacum offi  cinale 
G.H. Weber ex Wiggers, Conyza canadensis (L.) Cronq., 
Chenopodium album L., and Setaria spp. Alfalfa and orchard-
grass were the most frequent cultivated weeds. Species in 
monoculture varied in their ability to suppress weeds, 
with alfalfa the most suppressive in Boone and orchard-

Figure 1. Mean biomass of seeded species, cultivated species biomass (seeded species plus cultivated weeds), and total biomass (cultivated 

species plus wild weeds) by seeded species richness and log-linear regression lines as a function of seeded species richness in two Iowa 

locations under two harvest managements averaged over 2 yr: (A) Boone–one harvest; (B) Boone–three harvests; (C) Ames–one harvest; 

and (D) Ames–three harvests. All linear regressions are signifi cant at P < 0.0001. 
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grass in Ames (Table 4). White clover and intermediate 
wheatgrass were also weed suppressive.

Cultivated weed biomass, wild weed biomass, and 
total weed biomass decreased exponentially with seeded 
richness in all environments (Fig. 1 and 3). Models of 
natural logarithm–transformed weed biomass as a func-
tion of seeded species richness had higher AIC values 
than models including only the most weed suppressive 

species in each environment (Table 5). Therefore, the 
impact of particular species on weed suppression was 
greater than richness per se. As with biomass, of the 10 
models compared using AIC (Table 5), the best was a 
factorial model of seeded species richness and the most 
weed suppressive species. For B1, the best model also 
included the interaction between species richness and the 
presence or absence of the most weed suppressive species, 

Table 5. Akaike’s Information Criterion (AIC) values of several models for biomass of seeded species and logarithm of total 

weed biomass in two Iowa locations under two harvest managements averaged over 2 yr. Values for the driver species model 

and the best model for each environment are in bold italic.

Seeded biomass ln (total weed biomass) 

B1† B3 A1 A3 B1 B3 A1 A3

Null model 4070.3 4105.7 3990.8 3888.0 1222.6 1164.7 1308.0 1201.5

Seeded species richness 4016.9 4094.6 3959.8 3856.2 1196.3 1134.5 1297.2 1176.6

Alfalfa 3992.0 3838.5 3960.6 3801.3 1152.1 1097.1 1303.0 1191.7

White clover 4031.2 4112.6 3969.2 3886.8 1219.3 1145.6 1308.8 1193.3

Illinois bundlefl ower 4032.4 4109.4 3968.5 3886.0 1220.6 1149.9 1302.1 1205.7

Orchardgrass 4027.9 4112.7 3962.1 3865.5 1201.3 1143.6 1243.5 1100.0

Intermediate wheatgrass 3979.7 4112.8 3855.1 3882.9 1221.6 1155.6 1264.7 1197.7

Switchgrass 4030.1 4113.1 3965.9 3894.7 1221.6 1160.4 1308.9 1209.1

Eastern gamagrass 4031.6 4113.2 3970.1 3891.6 1222.6 1160.7 1302.9 1200.4

Richness + driver species (no interaction) 3979.8 3832.5 3856.4 3776.7 1142.5 1085.5 1246.9 1092.9

Richness + driver species + interaction 3977.2 3821.2 3851.6 3782.5 1140.3 1090.3 1250.8 1096.5

†B1, Boone–one harvest; B3, Boone–three harvests; A1, Ames–one harvest; A3, Ames–three harvests.

Table 4. Means and least signifi cant differences for biomass of seeded species and cultivated, wild, and total weeds of mono-

culture plots in two Iowa locations under two harvest managements averaged over 2 yr.

Boone–one harvest (B1) Boone–three harvests (B3)

Species
Seeded 
species

Cultivated 
weeds

Wild 
weeds

Total 
weeds

Seeded 
species

Cultivated 
weeds

Wild 
weeds

Total 
weeds

Biomass (g m-2)

Alfalfa 688 26 15 41 1209 9 51 60

White clover 96 45 7 52 371 23 7 30

Illinois bundlefl ower 326 343 26 370 141 300 140 439

Orchardgrass 198 30 3 33 142 153 17 169

Intermediate wheatgrass 958 128 2 129 247 271 46 317

Switchgrass 312 121 30 151 71 228 85 314

Eastern gamagrass 53 130 144 274 17 230 85 315

Unseeded plot 0 179 130 309 0 197 109 305

LSD 282 119 35 121 186 119 86 127

Ames–one harvest (A1) Ames–three harvests (A3)

Species
Seeded 
species

Cultivated 
weeds

Wild 
weeds

Total 
weeds

Seeded 
species

Cultivated 
weeds

Wild 
weeds

Total 
weeds

Biomass (g m-2)

Alfalfa 437 36 53 89 507 28 68 97

White clover 147 1 64 65 306 71 52 111

Illinois bundlefl ower 98 249 181 430 50 234 159 394

Orchardgrass 447 14 3 17 382 44 10 54

Intermediate wheatgrass 896 37 0 37 356 295 52 347

Switchgrass 352 70 122 193 146 223 61 284

Eastern gamagrass 51 136 239 375 17 198 188 386

Unseeded plot 0 50 338 389 0 32 252 284

LSD 138 98 53 103 185 104 47 113
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but for the other three environments, the best model did 
not include the interaction.

On average, plots not including the most weed suppres-
sive species in the environment had 6.4 times more weed 
biomass than the plots with the most weed suppressive species 
(6.3 times for B1, 3.8 times for B3, 10.7 times for A1, and 4.8 
times for A3; P < 0.0001 in all cases). In three of four envi-
ronments, total weed biomass decreased with seeded spe-
cies richness in all plots regardless of the presence or absence 
of the most weed suppressive species (Fig. 3). In A1, where 
orchardgrass exerted very high weed suppression, there were 
no signifi cant trends. As expected, because the interaction 
of species by richness was not present for most environments 
(Table 5), slopes for regressions of weed biomass as a function 
of seeded species richness in plots with and without the most 
weed suppressive species were not diff erent (Fig. 3). The only 
exception was B1, where the reduction in weed biomass in 
plots without alfalfa was greater than the reduction in plots 
with alfalfa and where the interaction of alfalfa by richness 
was also present in the model (Table 5).

A strong negative exponential relationship between 
total weed biomass and biomass of seeded species was 
observed in each environment. All linear regressions of 

natural logarithms of total weed biomass as a function of 
biomass of seeded species were signifi cant at P < 0.0001. 
Equations for total weed biomass (y) as a function of bio-
mass of seeded species (x) were: y = 70.8(0.997)x (adj. R2 = 
0.17) for B1; y = 213.0(0.997)x (adj. R2 = 0.34) for B3; y = 
174.4(0.995)x (adj. R2 = 0.30) for A1; and y = 304.7(0.995)x 
(adj. R2 = 0.31) for A3.

Functional Composition Effects on 
Biomass of Seeded Species and Weeds
Plots including both C

3
 grasses and legumes outyielded 

plots with only legumes or only C
3
 grasses in almost all 

environments (Table 6). The two exceptions were in B3, 
where legume-only plots outyielded legume–C

3
 grass mix-

tures, and in A1, where C
3
 grasses were no diff erent from 

legume–C
3
 grass mixtures. As a group, legumes outyielded 

C
3
 grasses in B3, and C

3
 grasses outyielded legumes in the 

one-harvest management at both locations. The contri-
bution of C

4
 grasses to biomass production was marginal 

overall during the period of measurements of this study, as 
expected for newly establishing warm-season grasses. Add-
ing a C

4
 grass to a plot with legumes and C

3
 grasses did not 

change the productivity in any environment.

Figure 2. Biomass of seeded species means by entries and log-linear trends for plots including the driver species (closed symbols) and 

not including the driver species (open symbols) as a function of seeded species richness in each environment: (A) Boone–one harvest; 

(B) Boone–three harvests; (C) Ames–one harvest; and (D) Ames–three harvests. P values for the contrasts of the log-linear trends on the 

means are shown. Equations for regressions with slopes different from zero (P < 0.10) are shown.
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Plots including both C
3
 grasses and legumes had less 

weed biomass than plots with only legumes or only C
3
 

grasses in almost all environments (Table 6). The three 
exceptions were in B3, where legume-only plots and 

legume–C
3
 grass mixtures had no diff erences in weed 

biomass, and in the one-harvest managements, where C
3
 

grass only plots were no diff erent from legume–C
3
 mix-

tures. Legume-only plots had lower weed biomass than 

Figure 3. Total weed biomass means by entries and exponential trends for plots including the most weed suppressive species (closed 

symbols) and excluding such species (open symbols) as a function of seeded species richness in two Iowa locations under two harvest 

managements averaged over 2 yr: (A) Boone–one harvest; (B) Boone–three harvests; (C) Ames–one harvest; and (D) Ames–three 

harvests. P values for the linear contrasts on log-transformed weed biomass are shown. Equations for signifi cant regressions (P < 0.05) 

are shown. The two slopes in each graph for environments B, C, and D, are not different at P = 0.05.

Table 6. Estimated values (Estimate), standard error (SE), and signifi cance value for contrasts for biomass of seeded species 

and total weeds biomass among plots with different functional groups composition in two Iowa locations under two harvest 

managements averaged over 2 yr.

Boone–one harvest Boone–three harvests Ames–one harvest Ames–three harvests

Variable Contrast† Estimate SE P Estimate SE P Estimate SE P Estimate SE P

———————————  g m-2 ——————————— 

Biomass 

seeded 

species

Leg–C
3
–C

4
 vs. Leg–C

3
1 34 NS‡ 46 25 NS 32 25 NS 0 22 NS

Leg–C
3
–C

4
 vs. Leg–C

4
254 34  <0.0001 73 25    0.0052 393 25  <0.0001 179 22  <0.0001

Leg–C
3
 vs. Leg 235 36  <0.0001 -114 27  <0.0001 357 27  <0.0001 155 24  <0.0001

Leg–C
3
 vs. C

3
 grass 116 49    0.0215 464 37  <0.0001 38 37 NS 182 32  <0.0001

Leg vs. C
3
 grass -119 53    0.0263 579 40  <0.0001 -319 39  <0.0001 27 35 NS

Total weeds 

biomass

Leg–C
3
–C

4
 vs. Leg–C

3
-14 15 NS -33 15    0.0243 8 18 NS -6 14 NS

Leg–C
3
–C

4
 vs. Leg–C

4
-49 15    0.0016 -60 15  <0.0001 -167 18  <0.0001 -112 14  <0.0001

Leg–C
3
 vs. Leg -40 16    0.0158 -15 16 NS -160 19  <0.0001 -87 15  <0.0001

Leg–C
3
 vs. C

3
 grass -37 22 NS -138 21  <0.0001 -5 26 NS -101 21  <0.0001

Leg vs. C
3
 grass 3 23 NS -123 23  <0.0001 154 28  <0.0001 -15 22 NS

†Leg, legume; C
3
, C

3
 grass; C

4
, C

4
 grass.

‡NS, not signifi cant at 0.05.
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plots with only C
3
 grasses in B3; they were not diff erent 

in B1 and A3. Plots with only C
3
 grasses had lower weed 

biomass than legume-only plots in A1. Adding a C
4
 grass 

to a plot with legumes and C
3
 grasses did not reduce weed 

biomass in any environment except A3.

DISCUSSION
Our fi rst hypothesis that crop biomass productivity increased 
with increasing species richness was supported by the evi-
dence. Therefore, in our agriculture systems with fertile soils 
and highly productive forage species, polycultures on average 
yielded more than monocultures, and more diverse polycul-
tures yielded more than less diverse ones. We measured this 
trend at richness levels with six or fewer species, which may 
be relatively low for natural systems, but which are relevant 
for agricultural systems. Our results are consistent with pre-
viously published research from natural grasslands and forage 
mixtures (Hector et al., 1999; Loreau et al., 2001; Sanderson 
et al., 2004; Tilman et al., 2006a).

However, a deeper analysis of the data revealed that 
the highest yields were from plots including a single driver 
species, and that plots at any species richness (even mono-
cultures) that included this species had nearly equivalent 
yields and were the highest of those observed for a given 
environment. This is also consistent with a recent meta-
analysis of ecological research: yields of diverse polycul-
tures do not diff er from the best yielding monoculture 
(Cardinale et al., 2006).

The diversity–productivity relationship can be 
explained by complementarity among species or by selec-
tion eff ects (Loreau and Hector, 2001). Diff erent species 
with complementary traits (e.g., rooting depth) can use 
diff erent resources or niches, providing the community 
as a whole access to more resources and making it more 
productive than its constituent species individually. Posi-
tive interactions among species can also increase the per-
formance of the community, a process called facilitation. 
Selection eff ects are apparent when highly productive spe-
cies dominate a mixture due to processes such as inter-
specifi c competition (Loreau and Hector, 2001). Selection 
eff ects can result from sampling species for inclusion in 
randomly assembled communities (Huston and McBride, 
2002), because the probability of including a highly pro-
ductive species in the mixture increases as the number of 
species in the mixture increases.

In our experiment, species combinations were not assem-
bled at random, but rather designed so that each level of species 
richness had plots with and without each species. This design 
does not avoid the sampling eff ect, because the proportion 
of plots with each single species has to increase with increas-
ing species richness. However, we were able to separate the 
individual species eff ects from richness eff ects. We showed 
that individual species had major eff ects on productivity: the 
presence or absence of alfalfa in the three-harvest manage-

ment and intermediate wheatgrass in one-harvest manage-
ment better explained biomass productivity than did species 
richness. This suggests that the relationship between biomass 
productivity and species richness may change depending on 
the presence or absence of certain “driver” species. These 
driver species are well adapted to the agronomic environment 
(soils, climate, and management) and are highly productive. 
The driver species can dominate the plant community when 
it has a higher competitive ability than other species (e.g., 
alfalfa in B3) but in other situations, other species that are less 
productive but more competitive can dominate instead (e.g., 
orchardgrass in A1).

The inclusion of a driver species in the polyculture 
is the main factor that explained the increase in average 
productivity of the more species-rich communities. Poly-
cultures where the driver species was present did not show 
an increase in biomass productivity with species richness. 
However, biomass productivity increased with species rich-
ness in the absence of the driver species. Seeding a mono-
culture or a binary mixture of the best adapted, highest 
yielding species is easier to manage and may be a better 
option than seeding a complex polyculture in some cir-
cumstances (e.g., Tracy and Sanderson, 2004b). Neverthe-
less, polyculture yields were typically as high as the best 
monoculture, and in some environments were even higher 
(e.g., A3). Because increasing species richness may off er 
other benefi ts than simply biomass productivity, as we dis-
cuss below, mixture planting may be a better option.

The results of this study also support our second 
hypothesis that weed biomass is reduced with increasing 
species richness. These fi ndings are consistent with the 
hypothesis that resident diversity increases the competi-
tive environment and makes invasions by other species 
more diffi  cult (Elton, 1958). Our results are limited to the 
context of the species, soil types, and high weed pressure 
of the agricultural conditions studied. Nevertheless, these 
results add to the experimental evidence supporting the 
contention that plant species richness increases resistance 
of ecosystems to weeds and other pests (Dukes, 2002; 
Knops et al., 1999; Tracy and Sanderson, 2004a). Highly 
weed-suppressive species had strong eff ects on weed inva-
sion; some monocultures (alfalfa in Boone, orchardgrass 
in Ames) were as eff ective at suppressing weeds as poly-
cultures. However, the same species may not maximize 
both biomass productivity and weed suppression simul-
taneously. In our experiment, the alfalfa monoculture in 
B3 maximized both productivity and weed suppression, 
but in the other three environments, diff erent species 
maximized each function (combinations of intermediate 
wheatgrass, alfalfa, and orchardgrass). This suggests that as 
more agronomic and ecological functions are considered, 
species-rich polycultures may simultaneously optimize 
more functions, and may be more benefi cial than simple 
monocultures (Sanderson et al., 2004).
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In this paper we reported results from the second and 
third year after establishment of perennial plant commu-
nities. Although for these 2 yr the trends of productiv-
ity vs. richness were the same, we expect that succession 
in further years may change species richness, the even-
ness of the community, the identity of driver species, and 
the slope of the productivity vs. richness regression. The 
potential of polycultures to maintain stable productivity 
over time under agricultural conditions is a relevant issue 
to be explored in further years of this experiment.

Our fi nal hypothesis that harvest management changes 
the relationship between productivity and richness can be 
rejected because the overall trends were similar for both 
management strategies (i.e., they had equal slopes [Fig. 1 
and 2]). This means that species-rich plots had higher yields 
and lower weed invasion under both one- and three-harvest 
managements, and that the increase in yield with richness 
was similar for both managements. These fi ndings suggest 
that species-rich polycultures should be considered even in 
intensively harvested agroecosystems, such as herbaceous 
perennial mixtures harvested as biofuel feedstocks (Tilman 
et al., 2006a). However, the identity of the driver species 
changed for each management regime, suggesting that har-
vest management needs to be considered when choosing 
the species to include in a polyculture. Furthermore, in 
farming systems where management practices may change 
due to unplanned conditions such as weather or market 
fl uctuations, polycultures may off er the advantage of more 
fl exibility in management options, whereas monocultures 
are more rigid in their requirements.

Diff erences in biomass productivity among plots with 
diff erent functional group composition can be explained 
by diff erences in species composition. For instance, in 
environments where alfalfa was the driver species, plots 
with legumes outyielded plots with C

3
 grasses, but where 

intermediate wheatgrass was the driver, plots with C
3
 

grasses outyielded legume plots. Plots with a combination 
of legumes and C

3
 grasses in most cases were the high-

est yielding plots, as is well known in forage production. 
The marginal contribution of the C

4
 grasses is explained 

because C
4
 grasses tend to take longer to establish, and 

this is particularly the case in our experiment with Eastern 
gamagrass, which did not establish at all in the fi rst year. 
We expect that the contribution of C

4
 grasses will increase 

in future years of the experiment.
In a sustainable agriculture context, crop communi-

ties need to simultaneously optimize various ecosystem 
functions, including, but not limited to, productivity. 
Although dominance eff ects explained the majority of 
the relationship between diversity and productivity in 
our study, the productivity of perennial monoculture 
and polyculture plots over longer time frames needs to be 
assessed. Because single species may have great eff ects on 
the relationship between diversity and ecosystem function, 

experiments where species eff ects cannot be discriminated 
from richness eff ects should be considered with caution. 
Controlling experimentally both richness and species 
composition increases the number of plots exponentially, 
necessitating the judicious choice of species adapted to the 
environments considered.

This experiment yielded two main conclusions. First, 
increasing species richness in perennial herbaceous poly-
cultures has measurable benefi ts in terms of productivity 
and weed suppression. This fi nding, well acknowledged by 
ecologists, should be applied to the design of agriculture 
systems. Second, well-adapted species have major eff ects on 
the relationship between diversity and ecosystem function. 
This fi nding, more widely understood by the agricultural 
community, should inform more ecological theory. More 
research bridging these two scientifi c traditions is needed to 
advance toward a more sustainable agriculture.
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